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Abstract 13 
Functionally graded concrete (FGC) can lower cement content and CO2 emissions. However, the 14 
behaviour of FGC is not fully understood. To examine behaviour at concrete interfaces as well as global 15 
behaviour, horizontally and vertically layered FGC (HLFGC, VLFGC) and control beams, all without 16 
transverse reinforcement, were tested in three-point bending. Distributed sensing measured 17 
reinforcement strains, cracking behaviour, and load-deflection behaviour. Using fibre reinforced 18 
concrete increased the load carrying capacity of VLFGC and decreased the number of cracks and the 19 
cracking load for HLFGC. Cracking at interfaces produced lower cracking strengths in VLFGC beams and 20 
brittle failures in some HLFGC beams. 21 

Keywords 22 
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1.0 Introduction 26 
The production of cement is responsible for 5-7% of global CO2 emissions [1], and concrete is the most 27 
used building material in the world [2]. To reduce these CO2 emissions, and the associated climate 28 
change impact, potential solutions include lowering the use of cement, modifying the production of 29 
cement, designing more efficient structures, and producing less construction waste. One such strategy 30 
for reducing cement usage is the use functionally graded concrete [3]. 31 

Functionally graded concrete (FGC) is comprised of multiple strategically placed concrete mixes in one or 32 
more dimensions of a concrete element to increase performance while saving material or weight [3]. By 33 
optimizing the cement use for the localized functional requirements along an element, the design needs 34 
can be efficiently met while reducing cement use and, thus, CO2 emissions.  35 
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Despite the potential environmental benefits of using FGC, limited research has been undertaken on the 36 
behaviour of functionally graded reinforced concrete elements. Potential issues might develop in 37 
locations of changes in stiffness within the element, where there is a transition from one concrete type 38 
to another, causing localized increases in reinforcement stresses and crack widths. Conventional sensing 39 
technologies such as strain gauges, however, often do not measure the critical strain due to a lack of a 40 
priori knowledge about where cracks and stress concentrations will develop [4]. Distributed 41 
measurement technologies provide a method of capturing potential localized effects that result from 42 
the use of FGC. To investigate the behaviour of FGC and its concrete interfaces, digital image correlation 43 
(DIC) and fibre optic sensors (FOS) are employed in this investigation. DIC is the process of tracking 44 
surface deformations using a camera and can be used to capture crack widths and crack patterns [5,6]. 45 
FOS can be used to provide distributed strain measurements along the length of a rebar and have been 46 
used to examine the behaviour of reinforced concrete (RC) beams [4,7-10]. Although neither technique 47 
has yet been used to characterize the behaviour of FGC, the use of DIC and FOS on FGC may provide a 48 
better understanding of the behaviour of FGC specimens as well as enable the quantification of issues 49 
that arise, such as cracking at concrete interfaces. Thus, in the current research, a series of specimens 50 
with nominally identical geometry and reinforcing, but with three different concrete mixes (i.e. a low 51 
strength / low cement mix, a normal strength / normal cement mix, and a high strength / high 52 
performance mix) and either horizontal or vertical grading will be tested to assess the behaviour of FGC 53 
elements using distributed sensing. 54 

The objectives of this research are to: (i) determine the impact of mix type, interface quality, and 55 
functional grading on deflection behaviour, (ii) evaluate distributed longitudinal reinforcement strains in 56 
FGC to measure and characterize reinforcement stress concentrations due to grading, (iii) assess the 57 
cracking behaviour of FGC, specifically locating and measuring cracks in graded specimens, and (iv) 58 
identify and quantify problems associated with interfaces in FGC. 59 

2.0 Background 60 

2.1 Functionally Graded Concrete 61 
FGC was originally conceived for applications that focused on durability and crack control [11-15]. 62 
Maalej et al. [12] compared the corrosion performance of horizontally layered FGC (HLFGC) with a 63 
bottom layer of ductile fibre reinforced cementitious composite and a top layer of ordinary concrete to 64 
that of a uniform ordinary concrete beam. Both types of beams were exposed to accelerated corrosion, 65 
but the HLFGC beam took 70% longer to reach the same level of corrosion as the uniform beam, as well 66 
as lacking any corrosion induced cracking.  67 

In addition to corrosion protection, crack performance has been found to be improved using FGC. 68 
Fracture energy increased with the introduction of a horizontal layer of fibre reinforced concrete (FRC) 69 
[13-14]. In addition, crack widths were decreased using HLFGC with FRC [11,15]. Li and Xu [15] utilized 70 
ultrahigh toughness cementitious composite (UHTCC) in HLFGC to reduce cracking and increase flexural 71 
capacity in concrete beams without transverse reinforcement. A layer of UHTCC of varying heights was 72 
overlaid by ordinary concrete and the HLFGC beams were tested in four-point bending. It was 73 
determined that a 35 mm (just above reinforcement level) layer of UHTCC provided the optimum 74 
performance in terms of durability versus cost. The UHTCC provided not only a decrease in crack widths 75 
to less than or equal to 0.05 mm before yielding but also a 30% increase in load carrying capacity and 76 
70% increase in the ductility index compared to an ordinary RC beam. In addition to durability and crack 77 
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performance, unreinforced FGC designed with a layer of steel FRC, has been shown to increase flexural 78 
capacity compared to ordinary unreinforced concrete beams or slabs. While not directly comparable to 79 
beams with tensile reinforcement since the presence of reinforcement will decrease the impact of fibres 80 
on strength, the strength increases due to the use of fibres is noteworthy. Up to 15 times flexural 81 
strength increases for double layers of 3% steel fibres in RC beams without reinforcement [16], 5 times 82 
flexural strength increases for unreinforced beams with a 3% steel fibre layer [17], and 2.5 times flexural 83 
strength increases for unreinforced slabs with a 2% steel fibre layer [18] have been found. Extensive 84 
tests have also been performed on non-FGC RC beams without transverse reinforcement. A series of 85 
tests completed by Kuchma and Collins [19] included many beams without transverse reinforcement, 86 
including some similar in size to those tested in this experimental program.  87 

FGC has also been used for cement, material, and weight savings [20-26]. Herrmann and Sobek [20] 88 
combined the traditional HLFGC design with vertically layered FGC (VLFGC) for weight savings in 89 
concrete beams without transverse reinforcement. Low porosity (high density) concrete layers on the 90 
top and bottom of the beam sandwiched a middle layer that consisted of 3 sections. The outer thirds of 91 
this middle section consisted of medium porosity (medium density) concrete, while the centre third was 92 
a layer of high porosity (low density) concrete. While still achieving minimum strength requirements, a 93 
43% weight reduction was achieved. Other research has achieved weight savings of 42% using fibre 94 
reinforced lightweight concrete in HLFGC [21], and embodied carbon and cost reductions of 37.7% and 95 
81.1% were achieved using recycled aggregate concrete HLFGC [22]. Cement savings of 25% and weight 96 
savings of 30% were achieved using a U-shaped FGC specimen [23], and 10% cement reductions were 97 
achieved with the use of fly ash in HLFGC [24]. While the previous research has identified the potential 98 
weight and cement savings, serviceability issues such as premature cracking at layer interfaces and 99 
associated strain concentrations in reinforcement exist. However, these issues have not been fully 100 
understood and investigated through the use of distributed sensing. 101 

While FGC has many benefits in terms of material savings, crack control and durability, and ultimate 102 
capacity, challenges in pouring FGC exist. The main issue occurs with the interface between the two 103 
types of concrete. This may be less of an issue with continuously graded FGC, where pronounced 104 
boundaries do not exist. Therefore, the future in FGC may be in continuous gradation through the use of 105 
robotics and automated construction [20]. However, this technology is not yet ready for use so layered 106 
production is an often-used method used for pouring FGC. Pouring of layered FGC can be done using 107 
either fresh on hardened concrete casting or fresh on fresh concrete casting [3]. Fresh on hardened 108 
concrete casting, which pours fresh concrete on already cured concrete, is not optimal for FGC due to 109 
the slow production speed, extra reinforcement required between layers, and differential shrinkage. 110 
However, fresh on hardened casting is extensively used for various applications in the precast industry 111 
for connections or the creation of composites. Advantages include assuring the geometry of the layering 112 
can be accurately monitored, only requiring one mix to be used at one time, and the existence of 113 
codified methods to assess the bond strength of cold joints [3]. Fresh on fresh concrete casting may be 114 
more promising for FGC due to its reduced production times, good bond between the two layers 115 
without transverse reinforcement, and more limited strain incompatibilities compared to fresh on 116 
hardened casting. Nevertheless, limited research on this production technique exists, and problems such 117 
as mix compatibility, resulting in cracking at interfaces, and concrete flow between the two interfaces 118 
may occur [3]. In the current study, specimens with multiple levels of mix integration at the fresh on 119 
fresh cast interfaces will be tested to investigate the impact on serviceability and element performance. 120 
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2.2 Distributed Fibre Optic Sensing 121 
Distributed FOS can be used to measure longitudinal strain along a reinforcement bar. FOS, as opposed 122 
to more conventional strain gauges, are corrosion resistant, can provide distributed measurements, are 123 
not affected by electromagnetic interference, are relatively small, and the sensing cables can be 124 
inexpensive (~$0.15/m). In this study, a Rayleigh backscatter distributed FOS system is employed, which 125 
is more suitable when smaller sensing ranges with higher accuracy are needed [10].  126 

Rayleigh backscatter FOS have been used extensively to measure longitudinal reinforcement strains in 127 
RC. Regier and Hoult [7] used distributed FOS to detect localized deterioration in reinforcement bars. 128 
Davis et al. [8] resolved issues with cracking and local bending in the reinforcement by using a coating 129 
around the fibre and instrumenting both sides of the bar. Barrias et al. [9] were able to use polyimide 130 
coated FOS embedded in a reinforcement bar to measure strain reliably up until a load that resulted in 131 
significant stiffness changes and damage to rebar. Brault and Hoult [4] determined the optimum 132 
installation technique for FOS on reinforcement was to use nylon coated single-mode fibre bonded with 133 
cyanoacrylate and protected with silicone. This method provided the most accurate measurements 134 
compared with discrete strain gauge measurements. Poldon et al. [10] correlated strain peak 135 
measurements to crack widths using FOS and DIC in a large RC beam. However, none of these studies 136 
investigated the implications of having interfaces between different concretes within a specimen. 137 

3.0 Experimental Procedure 138 

3.1 Specimens 139 
Nine different RC beam types, as seen in Figure 1, were fabricated. The beams had an overall length of 140 
1200 mm, height of 150 mm, effective depth of 115 mm, and width of 100 mm. Each beam contained 1-141 
10M deformed rebar (As = 100 mm2), which had a yield strength of 584 MPa. The weldable grade rebar 142 
meets the CSA G30.18 standard [27]. The straight bar anchorage was designed according to CSA A23.3 143 
to ensure adequate development length. A clear cover at the ends of the rebar of 20 mm was used. It 144 
should be noted that due to the small member size and use of a single rebar in these beams, it was 145 
hypothesized that some variability in load deflection behaviour, reinforcement strain behaviour, and 146 
cracking behaviour was expected. Three concrete types were used: low strength/low cement concrete 147 
(referred to as LS), normal strength/normal cement concrete (referred to as NS), and high strength fibre 148 
reinforced concrete (HSFRC) with polypropylene (PP) fibres and normal cement content (referred to as 149 
HF). SikaFiber Force 600 macro synthetic structural fibres were used, which, according to the product 150 
data sheet, have a tensile strength of 448 MPa, elastic modulus of 4 GPa and a length of 50 mm [28]. 151 
The fibres had a measured width of 2 mm. Compressive strengths and age at testing for the cylinder 152 
tests and beam tests can be seen in Table 1. The statistical analysis for the cylinder tests can be seen in 153 
Table 2. The mix design for each of the mixes can be seen in Table 3. The maximum specified coarse 154 
aggregate size in the concrete mixes was 14 mm and the cement used was high early strength cement. 155 
ViscoCrete 2110, a high range water reducing admixture and superplasticizer, was used in the HF mix.  156 
Three uniform beams, which serve as the controls (one for each of the three concrete types used), and 157 
six types of FGC beams (three horizontally layered and three vertically layered) were constructed. Three 158 
duplicate beams were made to examine the effects of different interface and compaction qualities. One 159 
horizontally layered FGC (HLFGC) beam and two vertically layered FGC (VLFGC) beams were remade, 160 
making the total number of specimens tested 12. The three control beams were called LSC-1, indicating 161 
it was the low strength control (top left in Figure 1), NSC-1, indicating the normal strength control 162 
(middle left), and HFC-1, indicating the high strength fibre reinforced control (bottom left).  163 
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The HLFGC beams were designed to explore the influence of having a layer with increased tensile 164 
strength on cracking and strain behaviour. These specimens had low strength concrete on the top and a 165 
layer of HSFRC on the bottom where the specimen name indicates the thickness of the HSFRC layer. The 166 
HLFGC beams were H20 (top right in Figure 1), H35 (middle right), and H50 (bottom right). The HLFGC 167 
specimens were poured such that the bottom layer of HSFRC reached the desired height, then vibrated 168 
with a poker vibrator that was inserted periodically along the length of the beam for about 10 seconds 169 
per location, and then the low strength concrete was poured on top of the bottom layer and vibrated in 170 
the same way. The pouring of the two layers was done within 30 minutes of each other to allow minimal 171 
curing of the first layer before the second layer was poured. 172 

The VLFGC beams were designed to investigate the impact of a vertical interface within a section on the 173 
global beam behaviour as well as the local strain in the reinforcement and cracking at the interface 174 
between concrete types. The VLFGC beam names indicate the arrangement of the concrete types of the 175 
vertical layers. For example, specimen LNL indicates that the beam had low strength concrete (L) on the 176 
sides and normal strength concrete (N) in the centre. The VLFGC beams were LNL (top centre in Figure 177 
1), LHL (middle centre), and NHN (bottom centre). The VLFGC specimens were constructed with 2 mm 178 
thick wooden dividers placed in between the concrete types during pouring of the concrete. Each layer 179 
was vibrated individually with a poker vibrator inserted into the center of each region for approximately 180 
10 seconds. The dividers were then removed, and the concretes were then vibrated again in the same 181 
way to close the interface gap.  182 

Three beams (LNL, NHN, and H35) were produced twice to examine the effects of the level of 183 
compaction and interface gap closure. For LNL-1 and NHN-1 after removal of the section dividers, the 184 
outside of the formwork was vibrated with a poker vibrator at the midpoint of each individual concrete 185 
section for approximately 10 seconds each. Both the high strength and low strength mixes were also 186 
stiffer when wet than the normal strength mix. The lack of vibrating at the interface and the high 187 
stiffness of two of the mixes resulted in improper closure of the gap between the two concrete sections. 188 
For LNL-2 and NHN-2, the high and low strength mixes were more workable, and the poker vibrator was 189 
used to vibrate the outside of the forms for approximately 10 seconds at each interface location instead 190 
of only at the centre of the individual regions. These changes ensured the gap between the sections 191 
were closed. Similarly, for specimen H35-1, only one side of the outside of the forms was vibrated, 192 
which resulted in significant voids developing at the interface between layers on one side of the beam, 193 
whereas for H35-2 the poker vibrator was used to vibrate both sides of the beam eliminating the visible 194 
voids between the layers. 195 

 196 
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 197 

Figure 1. Specimen geometry and types  198 

Table 1. Concrete compressive strengths and age at testing  199 

 200 

Table 2. Statistical analysis of concrete cylinder compressive strength tests  201 

 202 

 203 

 204 

 205 

 206 

 207 

Concrete 
Type

Average 
(MPa)

Number of 
Samples

St. Dv. 
(MPa)

COV

HF-1 59.1 4 5.0 8.4%
HF-2 50.5 4 5.4 10.6%
NS-1 40.7 3 3.8 9.3%
NS-2 34.5 2 0.2 0.4%
LS-1 16.4 4 2.4 14.6%
LS-2 15.6 4 1.1 7.4%
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Table 3. Concrete mix design 208 

 209 

3.2 Instrumentation 210 
Each of the beams were instrumented with Linear Potentiometers (LP), FOS, and a digital camera to 211 
capture images for DIC analysis.  The entire set up can be seen in Figure 2(a), while a schematic of the 212 
beam test setup can be seen in Figure 2(b).  213 

 214 

(a) Specimen and instrumentation 215 
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 216 

(b) Schematic of test setup (all dimensions in mm) 217 

Figure 2. Beam test setup 218 

Nylon coated fibre optic cables were bonded to both sides of the 10M rebar in each beam. The 219 
procedure outlined by Brault and Hoult [4] was used, which consisted of first grinding and sanding the 220 
reinforcement along the path where the nylon-coated fibre optic cable would be installed. After 221 
sanding, the path was cleaned with degreaser, water, and then 99% isopropyl alcohol. The nylon fibre 222 
was glued down with cyanoacrylate adhesive. PVC tubing was taped down to 25 mm of the rebar at 223 
both ends of the rebar on both sides, and the fibre was fed through the tubing to protect the fibre that 224 
was not bonded to the bar inside the formwork during the concrete pour. Lastly, after the glue dried, 225 
silicone was applied on top of the fibre to further protect the fibre from the concrete.  226 

To obtain surface crack widths and crack patterns, a Canon EOS Rebel T6i digital camera was placed 227 
approximately 2 m away from the beam to take pictures, as seen in Figure 2(a). The beam was spray 228 
painted with black or blue dots to make a speckle pattern to be used in conjunction with DIC analysis 229 
using GeoPIV-RG with a patch size of 64 pixels.  230 

To obtain deflection data, linear potentiometers (LPs), with a stroke of 100 mm and an accuracy of 0.1 231 
mm, were placed at midspan and the supports of the beam. Three L-shaped aluminum plates were 232 
glued to the beam with an epoxy at mid-height over each of the supports and at mid span, as seen in 233 
Figure 2(b). The LPs were placed underneath the overhanging aluminum plate, which deflected with the 234 
beam. To calculate the total deflection, the average deflection at the supports was subtracted from the 235 
deflection at midspan. The load was measured using a 300 kN load cell mounted between the actuator 236 
and the beam. 237 

3.3 Testing Procedure 238 
The beams were tested in three-point bending using a hand pump. The load was applied at a rate of 239 
approximately 0.14 kN/s. As seen in Figure 2(b), the supports were placed at 100 mm away from the 240 
ends of the beam, for a tested span of 1000 mm. Base plates with a width of 150 mm were placed at the 241 
supports, and a 100 mm wide plate was placed under the load cell as seen in Figure 2(b). The support at 242 
the left end was a roller, while the support on the right end was a captive roller. A Luna Technologies 243 
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ODiSI 6104 was used to measure and record the FOS data at a rate of 2 Hz. The accuracy of this system is 244 
25-30 microstrain, with a gauge length of as low as 0.65 mm and a sensing range of up to 50 m [29]. 245 
Pictures were taken at 0.5 Hz, while the load cell and LP measurements were recorded at 2 Hz.  246 

4.0 Results 247 

4.1 Load Deflection Behaviour 248 
Figure 3 and 4 display the load deflection behaviour of all the beams tested. Figure 3(a) shows the 249 
complete load-deflection response for each of the control beams, Figure 3(b) shows the VLFGC beams 250 
along with the normal strength control (NSC-1), and Figure 3(c) shows the HLFGC beams along with NSC-251 
1. The saw tooth pattern seen in the figures was a result of the hand pump load application, as 252 
relaxation occurred as the pump handle was lifted during pumping. HFC-1 exhibited the highest load 253 
carrying capacity of 29.3 kN due to the higher compressive strength of the concrete and the influence of 254 
PP fibres, and it demonstrated ductility after yield reaching a total deflection of 43 mm, also potentially 255 
due to the presence of the fibres. NSC-1 and LSC-1 achieved peak loads of 25.5 and 25.2 kN, 256 
respectively, and experienced ductile failures, with LSC-1 reaching over 60 mm of deflection, at which 257 
point, the test was stopped.  258 
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 259 

Figure 3. Load-deflection behaviour (complete test): (a) Control beams, (b) VLFGC and NSC-1 beams, (c) 260 
HLFGC and NSC-1 beams  261 
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 262 

 263 

Figure 4. Load-deflection behaviour (pre-yield): (a) Control beams, (b) VLFGC and NSC-1 beams, (c) 264 
HLFGC and NSC-1 beams 265 
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The VLFGC beams with high strength concrete in the midspan region (LHL-1, NHN-1, and NHN-2) also 266 
saw increases in load carrying capacity compared to NSC-1 and achieved peak loads of 27.5, 27.3, and 267 
28.2 kN, respectively, as tensile fibres may have provided additional tensile capacity for these beams. 268 
Specimen LNL-1 had a load carrying capacity comparable to the NSC-1 and LSC-1. However, LNL-2, 269 
despite having no visible gap at the interface (see Figure 5), experienced a brittle shear failure pre-yield 270 
at 19.5 kN. This difference between the LNL specimens highlighted the variability that exists in these 271 
beams and it is hypothesized that this may be due to the small size of the beams and the use of only one 272 
reinforcing bar. LHL-1 and LNL-2 both experienced brittle shear failures with deflections at failure of 13 273 
mm and 3 mm, respectively. NHN-1 and NHN-2, on the other hand, experienced ductile failures at 274 
deflections higher than 25 mm. The lower strength concretes in the outer regions were potentially more 275 
susceptible to brittle shear failures since lower strength concretes are weaker in shear [30].  276 

For the HLFGC beams, the peak loads for H20-1, H35-1, and H50-1 were 24.2, 24.6, and 24.8 kN, 277 
respectively, which were similar to NSC-1. However, H35-2 failed pre-yield at a load of 18.2 kN. This 278 
again demonstrated the variability of beams of this size. Additionally, all HLFGC beams, besides the H50-279 
1 specimen, saw brittle shear failures or concrete interface bond failures as indicated by the sudden 280 
reduction in load carrying capacity in Figure 3(c) and the failure images in Figure 6. The issues 281 
surrounding beams with horizontal interfaces at or below reinforcement level will be discussed further 282 
in later sections but was also observed at the rebar level by Li and Xu [15]. 283 

 284 

Figure 5. Gap at interface prior to loading of LNL-1 (left) vs LNL-2 (right) 285 

Figure 4 displays the load deflection behaviour for the first 5 mm of deflection for all specimens. Figure 286 
4(a) presents the control beams, Figure 4(b) the VLFGC beams, and Figure 4(c) the HLFGC beams. The 287 
introduction of the HSFRC influenced the cracking load as HFC-1 had the highest cracking load at about 8 288 
kN, while the HLFGC beams had cracking loads of about 6 kN, and the other control beams had cracking 289 
loads below 5 kN. For the VLFGC beams (besides NHN-2), cracking started below 5 kN with cracking at 290 
the interface starting at loads as low as 3.1 kN in NHN-1. NHN-2, which did not have a gap at the 291 
interface, did not crack until about 7 kN, and this crack was not an interface crack. The difference 292 
between a visible gap and a non-visible gap is shown in Figure 5, with LNL-1 having a visible gap 293 
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indicated with an arrow. Thus, it was possible to fabricate a VLFGC beam that cracked at loads higher 294 
than the normal concrete control.  However, LNL-2, which also had no visible gap at the interface, did 295 
crack first at the interface at a load of 5 kN. The increase in the cracking load for the HFC-1 and the 296 
HLFGC specimens was expected due to the presence of fibres, which have been seen to increase 297 
fracture energy, thus increasing the cracking load [13-14]. Likewise, the introduction of HSFRC increased 298 
the stiffness of HFC-1 and led to slight increases in the stiffness of the HLFGC specimens compared to 299 
the NSC-1 and LSC-1. The VLFGC specimens (besides NHN-2) had lower stiffnesses since cracking started 300 
at a load at or below 5 kN at the interfaces. Drops in the load deflection curve, such as the one seen on 301 
the H50-1 curve at a 1.8 mm deflection, H20-1 at 1.5 mm, and H35-2 at 0.8 mm among others, were due 302 
to the formation of cracks, which was confirmed with fibre optic strain data.  303 

 304 

Figure 6. Beam specimens after failure 305 
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4.2  Longitudinal Reinforcement Strain Measurements 306 
Figure 7 shows the strain along the length of reinforcement for each of the specimens at 12.5 kN, which, 307 
at approximately half the beam capacity, represented a typical service load. The vertical lines above the 308 
plots represent the location of cracks on the bottom surface of the beams, where the line type on the 309 
crack plot corresponds to the line type on the strain plot. The data is displayed for the 1 m tested span 310 
from support to support. To account for the effects of local bending of the bar, both sides of the rebar 311 
were instrumented with FOS, and then these measurements were averaged (as recommended by Davis 312 
et al. [8]). However, in the case of NHN-1, one side of the fibre broke and so only one fibre’s data was 313 
used. The peaks seen in each of the strain plots correspond to the presence of a crack at that location, 314 
as the strain in the reinforcement increased across the crack. Typically, the larger the peak, the larger 315 
the crack [4]. It also should be noted that due to the small size of the beams tested, there existed 316 
different maximum strain values at cracks despite being at the same load in members with the same 317 
reinforcement. This can be explained by tension softening effects, which can carry different amounts of 318 
tensile stresses directly across narrow cracks [31]. As crack widths vary, the amount of tension stresses 319 
carried across each crack varies, leading to inherent variability in smaller specimens that have narrow 320 
cracks.   321 

 322 

Figure 7. Distributed longitudinal reinforcement strain with crack locations at 12.5 kN load: (a) Control 323 
beams, (b)VLFGC beams, (c) HLFGC beams 324 

Figure 7(a) displays the strain behaviour for each of the control specimens, and it can be seen that LSC-1 325 
had the most cracks of the controls and had cracking the closest to the supports. This was expected due 326 
to the lower strength of the concrete resulting in a lower cracking moment, leading to more extensive 327 
cracking. As seen in both the load deflection and the strain plots, HFC-1 exhibited the highest stiffness, 328 
with the lowest strains and smallest number of cracks, which may also be a result of the fibres limiting 329 
cracking. 330 

Figure 7(b) presents the reinforcement strains at 12.5 kN for the VLFGC specimens. The concrete 331 
interface is represented by the vertical dashed line. A greater number of cracks formed in the VLFGC 332 
beams than the HLFGC beams (Figure 7(c)). One or two flexural cracks formed in the centre of the VLFGC 333 
beams, but due to the concrete interface and outer regions being composed of normal or low strength 334 
concrete, cracks formed at the interface (strain peaks at interface locations) and in the regions closer to 335 
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the support. The strain measurements at each location in the VLFGC beams, matched the strains in the 336 
control beams at that location. For example, for specimen NHN-1, the centre region had HSFRC, and its 337 
strains in the centre region were similar to the strains in the centre region of the HFC-1. The strains in 338 
the outer region, which consisted of normal strength concrete, were similar to the strains in the outer 339 
regions of NSC-1. The same pattern was seen in LHL-1, LNL-1, NHN-2 and LNL-2.    340 

Figure 7(c) illustrates that the presence of a bottom layer of HSFRC limited the number of surface cracks 341 
in HLFGC. Both H35-2 and H20-1 had only 2 surface cracks (compared to 5 for the normal strength 342 
control), despite having concrete interface problems, such as longitudinal cracking possibly caused by 343 
debonding, which will be discussed in later sections. Thus, even a thin layer of HSFRC, such as 20 mm, 344 
can limit the number of surface cracks that occur in a beam. However, the strains increased with 345 
decreasing thicknesses of HSFRC. H20-1 had the largest maximum strains as well as elevated strains 346 
along the entire length. Additionally, strain peaks were seen in locations where surface cracks were not 347 
present as will be discussed later. For comparison, the maximum strains for each specimen at 12.5 kN 348 
and 21 kN have been provided in Table 4.  349 

Table 4. Maximum strains at 12.5 kN and 21 kN  350 

 351 

Figure 8 shows the distributed longitudinal reinforcement strains at 21 kN, which is a load just before 352 
yield of the longitudinal reinforcement for all the specimens. This load was chosen as FOS strain data is 353 
most reliable prior to yielding using this combination of fibre and coating, as also noted by Brault and 354 
Hoult [4]. Figure 8(a) shows the reinforcement strain for each of the three controls at 21 kN. Similar 355 
behaviour can be seen at 21 kN that was seen at 12.5 kN, with the largest number of cracks (8) in LSC-1, 356 
followed by NSC-1 (7) and HFC-1 (5). Also, strains and cracking in outer regions continue to increase with 357 
decreased concrete strength. Figure 8(b) displays the reinforcement strain of the VLFGC beams at 21 kN. 358 
Since LNL-2 did not reach 21 kN, it was not included in this figure. As seen with the 12.5 kN FOS strain 359 
data, more cracks existed in the VLFGC beams than the HLFGC beams. Also as mentioned with the 12.5 360 
kN data, each region of the VLFGC beams had strains that were similar to the control beams that had the 361 
same type of concrete.  362 

 363 
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 364 

Figure 8.  Distributed longitudinal reinforcement strain with crack locations at 21 kN load: (a) Control 365 
beams, (b)VLFGC beams, (c) HLFGC beams 366 

Figure 8(c) shows the longitudinal reinforcement strain of the HLFGC beams at 21 kN. H35-2 did not 367 
reach 21 kN, so it was not included in this figure. The number of cracks continued to be limited by the 368 
presence of HSFRC. The amount of surface cracks in all HLFGC beams was less than or equal to the 369 
number of cracks found in the HSFRC control. Similar to 12.5 kN, the strain behaviour of the rebar 370 
correlated to the amount of HSFRC in the beam. In the H35-1 specimen, there were small strains on the 371 
left side of the beam (0-0.3 m) and larger strains on the right side of the beam (0.8-1 m). From about 0.1 372 
m to about 0.3 m, a horizontal crack formed at the reinforcement level, which was the interface level, at 373 
failure. This weak plane prevented vertical cracks from forming across the reinforcement and creating 374 
strain peaks. This may have caused more cracking on the right side of the beam as a result. However, 375 
H20-1 had elevated strains along the entire length of the beam.   376 

Figure 9(a) shows the distributed reinforcement strains from one of the two fibres (channel 1) on the 377 
rebar of H20-1. From the 12.6 kN load to the drop in load to 10.8 kN 0.5 seconds later, the strains not 378 
only saw a spike at a single point (0.4 m), but also a uniform increase in strain along the entire length of 379 
the left side of the beam. The strain peak at 0.4 m was the formation of surface flexural crack. However, 380 
strains on the left side of the beam increased significantly from 10.8 kN to 17.4 kN. Additionally, a few 381 
strain peaks were seen on the left side of the beam, even though no surface cracks were seen or 382 
detected with DIC at these locations at these loads. Additionally, as seen in Figures 7(c) and 8(c), strains 383 
on both sides of the beams were much higher than other specimens.  384 

In order to investigate this behaviour, concrete around the reinforcement in H20-1 was chipped away. 385 
Figure 9(b) shows the exposed rebar after chipping. The surface shown in the image is the face of the 386 
flexural crack that formed at 0.4 m in Figure 9(a). Two cracks were found to have formed around the 387 
reinforcement in a nearly horizontal plane. These cracks may be evidence of the loss of bond between 388 
the concrete and the reinforcement resulting in the higher than expected longitudinal strains seen in 389 
Figure 9(a). It also should be noted that one of the cracks propagated along the concrete interface. The 390 
concrete was also chipped away on the other side of the beam at the face of the flexural crack at 0.6 m 391 
in Figure 9(a) and similar cracks were also noted on this face as well. From this investigation, it is most 392 
likely that longitudinal splitting cracking occurred internally in this beam during loading. The beam 393 
eventually failed in shear, with the longitudinal crack propagating along the concrete interface. The 394 
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presence of the longitudinal cracking at smaller loads may have created a weak plane for the shear crack 395 
to form along. Additionally, it is worth noting that this longitudinal cracking began around service loads 396 
and since they were not surface cracks at those loads, they could pose problems that would go 397 
unnoticed by visual inspection. 398 

 399 

(a) Distributed reinforcement strains before and after longitudinal cracking (channel 1) 400 

 401 

(b) Image of internal cracking 402 

Figure 9. H20-1 longitudinal cracking 403 
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Figure 10 shows the distributed reinforcement strains for one of the two fibres installed on the 404 
longitudinal reinforcement (Channel 2) of H35-2 at increasing loads. At 14.4kN, typical distributed strain 405 
behaviour was seen with low strains in the uncracked regions near supports and two strain peaks at the 406 
location of the two flexural surface cracks that formed. However, as load increased to 16.0 kN, a strain 407 
peak and strain valley formed next to these flexural cracks towards the supports. This peak and valley 408 
then proceeded to move towards the supports as the load was increased to 16.5 kN. This movement of 409 
the strain peak coincided with the formation of longitudinal cracking. The left side of the beam formed a 410 
horizontal crack at the concrete interface that extended from the flexural crack at 0.4 m to the support 411 
as seen in the bottom left of Figure 11(b). Thus, this phenomenon seen in Figure 10 may have been the 412 
formation and extension of that crack. Despite this also occurring on the right side of the beam, no 413 
surface cracks were seen on that side of the beam. Therefore, as seen with H20-1 and H35-1, H35-2 414 
developed horizontal cracking along the interface that led to the eventual failure mechanism on one 415 
side of the beam. Thus, in HLFGC beams with layers at or below the reinforcement level, longitudinal 416 
cracking is a potential failure mechanism that, as seen in H20-1 and H35-2, may not appear on the 417 
surface. A possible reason for the longitudinal cracking and debonding is differential shrinkage between 418 
the two layers. The low strength mix, which had a strength of 16 MPa, and the HSFRC mix, which was 419 
more than three times stronger, would experience different amounts of shrinkage. This shrinkage 420 
difference may contribute to the development of strains and potentially even microcracking at the 421 
interface creating a plane of weakness. Once load is applied, this plane of weakness may have resulted 422 
in longitudinal cracking and debonding.  423 

 424 

Figure 10. H35-2 distributed longitudinal strains from one fibre (Channel 2) 425 

4.3 Crack Patterns and Widths 426 
Figure 11 displays the crack patterns measured using DIC for each of the beams at 12.5 kN and 21 kN. 427 
The dashed lines on the beams, represent the vertical concrete interfaces. At the bottom left of Figure 428 
11(a), the maximum crack widths of the largest crack in each beam at the reinforcement level at 12.5 kN 429 
is given. The largest cracks occurred in specimens H20-1 and H35-2, while the smallest maximum crack 430 
width was measured on NHN-2. The cracks that had the maximum widths are bolded in red on the crack 431 
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pattern images in Figure 11(a). At the left in Figure 11(a), the control beam crack patterns are shown. 432 
The crack pattern results measured using DIC matched the FOS results in terms of number of cracks and 433 
crack spacing. Figure 11(b) shows the crack patterns at 21 kN, a load just prior to yielding. Beams LNL-2 434 
and H35-2 both failed at loads below 21 kN, so crack patterns are provided at loads of 0.5 kN before 435 
failure. Generally, existing cracks lengthened and began to turn towards the centre of the beam as 436 
flexural cracks turned into shear cracks. Additionally, most beams saw an increase in the number of 437 
cracks as the load increased. The H20-1 crack patterns showed the beginnings of the longitudinal 438 
cracking at the left side of the beam, while the crack on H35-2 had propagated horizontally by 17.5 kN.  439 

 440 

 441 

(a) at 12.5 kN load 442 

 443 

(b) at 21 kN load 444 

Figure 11. Crack patterns based on DIC measurements 445 
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Figure 12 shows the critical crack widths versus load measured using DIC at the reinforcement level for 446 
each of the FGC specimens. The critical crack width was defined as the largest crack width at a load of 447 
12.5 kN, which was taken as the service load. These values were compared to a 0.18 mm crack width, 448 
which is the crack width limit for concrete exposed to deicing chemicals according to the American 449 
Concrete Institute (ACI) document ACI 224R-01(08) [32]. Comparing the crack widths, the first thing that 450 
was apparent is the variability in widths, which is partially due to different concrete types and the use of 451 
FGC but also may be a result of the specimen size [31]. However, observations can be made about some 452 
general trends and outliers. First of all, H35-2 and especially H20-1 saw steep increases in crack widths 453 
right after crack formation and saw widths higher than the rest of the specimens. These two specimens 454 
also developed longitudinal cracks that led to bond failures, indicating that the plane of weakness at the 455 
horizontal interface could result in large increases in flexural crack widths at lower loads, before these 456 
horizontal cracks appear on the surface of the beam. In addition to ultimate limit state concerns 457 
associated with debonding, this may also bring about some serviceability concerns for HLFGC beams 458 
with layers at or below the reinforcement level in addition to the previously highlighted impact on 459 
capacity. To a lesser extent, this was also seen with H35-1, which also developed horizontal cracking. 460 
Aside from those HLFGC specimens, the crack widths for the other FGC specimens mostly remained 461 
below those of the normal strength control, NSC-1, indicating that generally crack widths were not an 462 
issue with VLFGC specimens and HLFGC specimens with the interface above the reinforcement. On the 463 
whole, limited trends could be discerned from the FGC specimens, but the crack widths do increase 464 
linearly at approximately the same slope for the FGC specimens, indicating reinforcement had an effect 465 
on these crack widths. However, VLFGC beams with HF concrete in the middle did tend to have lower 466 
slopes, showing the increased stiffness in the region where flexural cracking occurs due to increased 467 
concrete strength and fibres bridging cracks.  468 

 469 

Figure 12. Crack widths measured using DIC for Normal Control and FGC beams 470 

4.4 Behaviour at Vertical Interfaces 471 
Figure 13 presents the concrete cracking stresses in the uniform and VLFGC beams. Each cluster of bars 472 
in the figure represents a different type of concrete with HF being the high strength fibre reinforced 473 
concrete, NS being the normal strength concrete, LS being the low strength concrete, LS-HF being the 474 
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interface between LS and HF, LS-NS being the interface between LS and NS, and NS-HF being the 475 
interface between NS and HF. The stress at each crack was calculated by first determining the load at 476 
which the crack formed using the distributed dynamic FOS strain data (i.e. the load at which a strain 477 
peak began to appear). The moment could then be calculated based on the load and the location of the 478 
crack along the beam. The stress was then calculated using beam theory. It should be noted that only 479 
cracks that developed where the plane sections remain plane corollary of a linear stress profile 480 
assumption was valid were included in Figure 13. For example, two cracks that formed in LHL-1 in the 481 
centre region at 17.3 kN (9.5 MPa) and 20.0 kN (9.8 MPa) were not included as the extensive cracking of 482 
the beam meant that the stress profile could no longer reasonably be taken as linear. From Figure 13, it 483 
can be seen that the non-interface cracks had cracking stresses that were consistent with Canadian 484 
concrete design code [33] predictions, as the averages of these cracking stresses for each concrete were 485 
within 0.5 MPa of the predicted stress. Furthermore, it can be seen that whether the crack formed in a 486 
uniform beam or a VLFGC beam as well as whether the crack formed in a centre region of a VLFGC beam 487 
or an outer region of a VLFGC beam made little to no difference on the cracking stress. The statistical 488 
analysis can be seen in Table 5. Each of the non-interface concrete cracking stress types had coefficients 489 
of variation at or below 16%, and coefficients of variation around 15% are reasonably low for cracking 490 
values of small specimens [34].  491 

 492 

Figure 13. Cracking stresses of concrete in beam specimens 493 

Table 5. Statistical analysis of cracking stresses in concrete (not including interfaces) 494 

 495 

On the other hand, the interface cracking stresses were generally lower than the expected cracking 496 
stresses. The VLFGC interfaces that were a part of the first group of beams, had generally larger visible 497 

Average (MPa) St. Dv. (MPa) COV Min (MPa) Max (MPa)
HF 5.05 0.54 11% 3.93 5.97
NS 3.53 0.41 12% 2.82 4.28
LS 2.77 0.44 16% 1.97 3.60
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gaps at the interface than the second group of VLFGC beams. The predicted stresses for the interface 498 
cracks were assumed to be the cracking stress of the lower strength concrete of the two concretes on 499 
either side of the interface. For the interfaces with visible gaps, the average cracking stress only reached 500 
62%, 61%, and 33% of the predicted stress for interfaces LS-HF, LS-NS, and NS-HF, respectively. 501 
However, for the interfaces with no visible gaps, the average cracking stress reached 85% and 90% of 502 
the predicted cracking stress for interfaces LS-NS and NS-HS. The fact that one specimen only reached a 503 
third of the predicted cracking stress indicates the need for better understanding of behaviour of fresh 504 
on fresh cast concrete interfaces. These interfaces cracked at loads lower than ordinary concrete, 505 
especially when the bond between the two layers was not adequate. This early cracking may be a result 506 
of the gap lowering the beam cross sectional area at the interface. Nevertheless, the increase in 507 
strength, seen with the better concrete interfaces as a result of better vibration and workability, 508 
displayed the possibility of having vertical interfaces that crack at loads that are similar to the cracking 509 
loads of ordinary concrete.  510 

Figure 14 shows the progression of the longitudinal reinforcement strains in the VLFGC beams from 5 kN 511 
to 12.5 kN to 21 kN and the differences between the original specimens that had visible gaps and the 512 
redone specimens with no visible gaps. The interface in Figure 14 is marked by a vertical dashed line on 513 
either side of the beam. Figure 14(a) shows the progression of the LNL specimens although it should be 514 
noted that LNL-2 at 21 kN was not included as the beam failed before this load. For both LNL-1 and LNL-515 
2, the first cracks to form were the interface cracks. Additionally, strains at these interfaces were similar 516 
between LNL-1 and LNL-2 at both 5 and 12.5 kN. Thus, at low loads, the improved interface bond did 517 
little to improve the strain behaviour. Additionally, at 12.5 kN and beyond, the maximum strains in the 518 
reinforcement were not at the interface. Instead, the maximum strains were seen at midspan of the 519 
beams, as is the case in ordinary RC beams. Thus, stress concentrations at these vertical interfaces do 520 
not seem to be the location of maximum stress in the beam. Figure 14(b) shows the strain distribution 521 
changes with load for the NHN specimens. Limited differences were seen between NHN-1 and NHN-2 in 522 
strains at loads of 12.5 kN and higher. Maximum strains were again at midspan instead of at the 523 
interfaces. However, while NHN-1 had interface cracking at 5 kN, NHN-2 did not. In fact, the first crack 524 
to form in NHN-2 was a midspan flexural crack although the interfaces did crack shortly after the 525 
formation of the first flexural crack. Nevertheless, cracking of the interface at higher loads than typical 526 
midspan flexural cracking loads was achieved with better construction of the beams. 527 

 528 

(a) LNL       (b) NHN 529 

Figure 14. Progression of distributed longitudinal strain measurements including impact of interface 530 
between sections  531 
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5. Discussion 532 
Overall, large variability existed in the load deflection behaviour of FGC.  When constructed with a 533 
minimal gap at the interface, VLFGC specimens with HSFRC can have higher load carrying capacity, 534 
ductility, stiffness, and cracking load than a uniform normal concrete beam as noted in previous 535 
research with FGC and FRC [13-18]. HLFGC resulted in load carrying capacities similar to the normal 536 
strength control but contributed to a higher cracking load. Despite these potential benefits of using FGC, 537 
brittle failures, such as shear and bond failures (also seen by [15]), at loads less than the controls 538 
demonstrated the need for more investigation into the behaviour of FGC with larger specimens. FGC 539 
strain behaviour varied with concrete type for VLFGC specimens and depended on the layer thickness 540 
for HLFGC. However, concrete interfaces for both types of FGC resulted in elevated strains at interfaces 541 
for VLFGC and at interfaces at or below reinforcement levels for HLFGC. HLFGC beams tended to have 542 
lower numbers of surface cracks than NSC-1 and VLFGC beams as a result of the bottom layer that 543 
contained PP fibres, while VLFGC specimens had similar numbers of cracks as NSC-1. Crack widths 544 
tended be larger at earlier loads for HLFGC beams with interface bond issues such as gaps, while cracks 545 
grew more slowly for VLFGC beams with a centre region of HF concrete.  Cracks also preferentially 546 
formed at early loads at vertical interfaces with visible gaps. However, at interfaces without visible gaps, 547 
interface cracking was delayed and expected cracking stresses according to CSA A23.3 were nearly 548 
achieved. Limited research exists on functionally graded reinforced concrete and less so on distributed 549 
fibre optic strain sensors and DIC on FGC. Thus, the evaluation of results in the context of current 550 
research was limited. The future use numerical modelling and nonlinear finite element analysis with FGC 551 
may help evaluate results seen in this experimental program. 552 

6. Conclusions 553 
This experimental campaign investigated the performance of functionally graded concrete (FGC) by 554 
testing 9 different types of specimens (three types of control, three types of vertically layered FGC 555 
(VLFGC), and three types of horizontally layered FGC (HLFGC) beams). The beams were tested in three 556 
point bending to failure, they were instrumented with displacement transducers and distributed fibre 557 
optic strain sensors on the longitudinal reinforcement, and digital image correlation was used to 558 
measure surface cracking. The following are the key findings from the campaign: 559 

1. The presence of a horizontal layer of high strength fibre reinforced concrete (HSFRC) did not 560 
increase the load carrying capacity compared to a uniform normal strength concrete beam but it 561 
did increase the cracking load. However, horizontal layers at or below reinforcement level led to 562 
longitudinal cracking, possibly due to differential shrinkage, which led to debonding and brittle 563 
failures.  564 

2. A vertical layer of high strength fibre reinforced concrete in the centre region increased the load 565 
carrying capacity but did not increase the cracking load due to the formation of cracks at the 566 
interface between concrete types. Additionally, outer regions of low strength concrete often led 567 
to brittle shear failures. 568 

3.  Strains along the length of reinforcement in FGC were measured and were used to identify 569 
cracks as local strain peaks. The strains in HLFGC beams decreased as the thickness of the high 570 
strength concrete layer increased. However, longitudinal cracking in HLFGC beams with layers at 571 
or below the reinforcement level led to increases in strains due to the internal longitudinal 572 
cracking that was captured by the FOS strain data but not on the surface of the beam.  573 
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4. VLFGC reinforcement strain patterns and magnitudes depended on the concrete type at each 574 
location and the presence of the concrete interfaces, as cracking was found to occur at the 575 
interfaces from FOS strain data. These interface cracks were, for the most part, the first cracks 576 
to form. However, when a fully bonded interface was achieved in one case, the first crack 577 
instead occurred at midspan. Interface cracking in this case occurred at higher loads than the 578 
other VLFGC beams, closer to the expected cracking loads of ordinary concrete.   579 

5. The location of cracks measured with FOS were confirmed by DIC, in addition to measuring crack 580 
widths and capturing their development beyond the level of the reinforcement and in the 581 
longitudinal direction. Crack widths in the HLFGC beams with layers at or below the 582 
reinforcement level were larger than in the other beams tested.  583 

6. Cracking stresses at the vertical interfaces can be as low as a third of the Canadian concrete 584 
code predicted cracking stress, but with a fully bonded interface, the cracking stress was as 585 
much as 90% of the code predicted cracking stress.  586 
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